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Abstract
Although the anisotropy of the solid-liquid interfacial free energy,γ, for most alloy systems is very small, it plays a crucial role in
the growth rate, morphology and crystallographic growth direction of dendrites. While an atomistic understanding of anisotropy
is lacking, it has been tacitly assumed that the anisotropy arises from the crystal phase rather than the isotropic liquid. Here, we
show that the anisotropy in γ arises from structural changes within the liquid phase near the interface. In particular we examine
experimentally the change in dendrite growth behaviour in the Al-Sm system as a function of solute concentration and study the
interfacial properties using the capillary fluctuation technique from molecular dynamics simulations. We observe a dendrite growth
direction which changes from 〈100〉 to 〈110〉 as the Sm content increases. The observed change in dendrite orientation is consistent
with the simulation results for the variation of the γ anisotropy and a previously proposed model of the growth transition. Our
results provide physical insight into the atomic structural origin of the liquid-modified anisotropy, and deepens our fundamental
understanding of solid-liquid interfaces. These ideas also point to the possibility of controlling the solid-liquid anisotropy and
dendritic morphology through the structure of the liquid, a mechanism that has potential applications in many fields.
The most prominent microstructural feature of a solidified
alloy is the dendrite and the growth rate and size of dendrites
play a crucial role in the mechanical integrity of cast, welded
and additively manufactured parts [1, 2]. In addition to their
commercial importance, dendrites and dendrite arrays represent
a paradigm for pattern formation in non-equilibrium systems, a
topic that has intrigued the scientists for many decades [3, 4].
According to the generally accepted microscopic solvability
theory [5, 6], the dendrite velocity and tip radius is controlled
by, and is quite sensitive to, the small anisotropy in the solid-
liquid interfacial free energy, γ. Although experiments and sim-
ulation have been used to compute the anisotropy in γ for sev-
eral systems [7], the atomistic scale origin of the anisotropy re-
mains elusive [8–10]. Previous studies have shown that when a
liquid is placed adjacent to a crystalline solid [11, 12], or even a
featureless wall [13], structural ordering is induced for several
atomic layers within the liquid. Therefore, it has been tacitly
assumed that the solid and not the isotropic liquid is respon-
sible for the anisotropy. This assumption can be tested on an
alloy that features very limited solubility in the solid phase. An
anisotropy that varies with changes in temperature and compo-
sition in such an alloy system will provide a counterexample
demonstrating the role of the liquid on the anisotropy of the in-
terfacial energy. An example of such an alloy is the Al-Sm sys-
tem, where some aspects of the solidification behaviour have
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been examined in previous work [14].
In a recent study Haxhimali et al. showed that in the Al-
Zn binary system dendrites growing along the 〈100〉 direction
for nearly pure Al, exhibit a so-called hyper-branched struc-
ture characterized by no preferred growth direction at higher
Zn concentrations, and eventually switch to a 〈110〉 growth ori-
entation [15]. The transition, known as the dendrite orientation
transition (DOT), was explained using phase field modelling
and solvability theory. The anisotropy of γ is generally char-
acterized by two small parameters, one representing a four fold
symmetric contribution to γ, 1 and a six fold term, 2. The
authors showed that in a space of (−2, 1) regions can be iden-
tified where each growth mode is preferred. Haxhimali et al.
conjectured that the addition of Zn moves the anisotropy prop-
erties from the 〈100〉 region, through the hyper-branched region
and into the 〈110〉 growth regime. Many previous computa-
tions of 1 and 2 indicate that most metals and alloys tend to
lie close to the 〈100〉/hyper-branched transition, which supports
the Haxamali et al. idea. However, the observation of a DOT
and the independent determination of the anisotropy parameters
on the same alloy system has not as yet been performed.
In this work we have performed experiments and Molecular
Dynamics (MD) simulations on the Al-Sm system. The pur-
pose of the work is two-fold. First we show that there exists a
clear DOT in Al-Sm and, through the use of the capillary fluctu-
ation method (CFM), compute the anisotropy. The results con-
firm that the γ anisotropy change in Al-Sm is in fact consistent
with the prediction of Haxhimali et al. Since Al-Sm exhibits
very low solubility in the crystalline f.c.c phase, it is likely that
the observed changes in anisotropy must result from changes
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Figure 1: Dendritic morphology from experiments and phase-field simula-
tions. (a) seaweed structure in 2.2 at% Sm alloys, scale bar 10 µm. (b) 〈110〉
equiaxed dendrite in 5.6 at% Sm alloys, scale bar 2 µm. (c) A three dimensional
dendrite from phase-field simulations and the corresponding slice showing the
section from which six (110) branches can be observed.
in the liquid structure only. Therefore the second goal of this
study is to provide insights from the atomistic scale as to the
possible origin of the anisotropy in this alloy. The results add
to and extend our understanding of the complex and intriguing
phenomenon of interface and dendrite morphology.
We begin by presenting in Figure 1 two typical abnormal mi-
crostructures observed in laser melted AlSm alloys. The first is
a columnar seaweed in an Al-2.2 at% Sm alloy, and the second
shows equiaxed dendrites with six-branches in one section of an
Al-5.6 at% Sm sample. The seaweed structure is similar to the
hyper-branched structure discussed by Haxihimali et al, except
that here, the thermal gradient and anisotropy likely compete to
establish the seaweed formation [16, 17]. The equiaxed den-
drites display six-branches in one section, which implies that
these cannot be 〈100〉 dendrites, which have six branches but
not in the same plane. As a comparison, a three dimensional
〈110〉 dendrite calculated with a phase-field simulation is also
shown to illustrate how six branches can lie in one section (Fig-
ure 1c). Typical Al dendrites are expected to grow along 〈100〉
directions. Experimental observations, such as those shown in
Figure 1 suggest that with the increase of Sm, the dendritic mor-
phology of the Al-rich phase grows in the 〈100〉 directions in
pure Al, transitions to seaweed at approximately 2.2 at% Sm,
and then to the 〈110〉 directions in Al-5.6at% Sm. The results
appear similar to the well-known DOT in Al-Zn alloys. How-
ever, a significant difference here is the limited solute solubility
in the (Al) solid solution. Zn has a very large solubility in the
f.c.c (Al) phase: more than 80% by weight or about 67% by
mole fraction, or nearly 2 atoms out of 3 can be Zn atoms with-
out changing the f.c.c structure. Thus, by changing the nominal
composition both the liquid and solid composition change. It is
Figure 2: Al-rich side of Al-Sm phase diagram calculated from MC and
Thermal-Calc. Only liquid and f.c.c (Al) phase are considered.
thus unclear whether Zn changes the anisotropy via the liquid
or solid structure. It is plausible that Zn modifies the f.c.c solid
solute structure considering the large solubility. This is unlikely
in the Al-Sm system, where Sm has a very small solubility in
(Al).
We attribute the DOT in Al-Sm alloys to the interfacial en-
ergy anisotropy rather than the kinetic effect. Although laser
melting is often considered as an example of rapid solidifica-
tion, the solidification conditions vary with the position inside
the melt pool. From the bottom of melt pool to the surface, the
moving isotherm velocity increase from zero to a speed close to
the beam moving velocity [18]. In our case, the seaweeds and
〈110〉 dendrites are observed at the very bottom of melt pools,
where the growth speed is much smaller than the laser beam
scanning velocity. We thus expect the effect of growth kinetics
is not likely to be the dominant effect in this study.
To gain further insights into the atomistic properties of Al-
Sm solid-liquid interfaces, we have utilized MD techniques.
In all cases the Finnis-Sinclair type potential developed by
Mendelev et al. has been used [19]. As a first step the Al-rich
equilibrium phase diagram for this potential was computed by
a semi-grand canonical Monte Carlo (MC) procedure described
in several previous publications [20, 21]. A comparison of the
experimental and MC phase diagrams are shown in Figure 2.
The experimental solidus and liquidus lines were determined
using ThermoCalc software and the thermodynamic function
from Ref. [22]. As can be seen the experimental and model
phase boundaries are in good agreement although the MC cal-
culated phase boundaries are shifted to lower temperatures. The
main feature, the negligible solubility of Sm in (Al) solid solu-
tion, is captured by the interatomic potential.
From knowledge of the phase equilibria and thermodynamics
of the atomistic model, equilibrium solid-liquid interfaces can
be established in MD simulations. In particular, we have used
the capillary fluctuation method (CFM) to compute the solid-
liquid interfacial energy and its anisotropy for a series of five
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Figure 3: The anisotropy parameters of Al-Sm. The boundaries between differ-
ent dendritic growth regimes are superposed [15]
undercoolings in the Al-Sm system. Details of the CFM proce-
dure can be found in previous publications [23, 24]. The goal of
the CFM simulations is to test if Sm can modify the interfacial
anisotropy by changing the liquid composition only. Within the
estimated error of our calculations, we find that the anisotropy
moves from the 〈100〉 region, to seaweed, and eventually to the
〈110〉 region with increasing Sm (decreasing temperature). The
results are shown in Figure 3, where the boundaries between
different dendritic regimes are taken from Ref. [15]. Owing to
the lack of an Al-Zn interatomic potential, the anisotropy pa-
rameters for Al-Zn have not been computed. Other systems
known from MD simulations generally lie in the vicinity of the
〈100〉 and hyper-branched boundary. For example, Becker et al.
[25] used a Lennard-Jones alloy system with a phase diagram
analogous to that of Cu-Ni to examine the dependence of 1
and 2 on composition. Their results show that the anisotropy
parameters 1 and 2 do vary with composition, but only ap-
proach hyper-branched region. The anisotropy of Al-Sn has
also been measured experimentally from studies of the equi-
librium shape [26], yielding 1 and 2 that are consistent with
the 〈110〉 growth directions. However, experiments reveal that
dendrites grow in the 〈100〉 directions. To our knowledge, our
results are the first to combine experiments and MD simula-
tions to show a transition in interface anisotropy from the 〈100〉
to 〈110〉 directions can be achieved in the same system. Addi-
tionally, these results support our hypothesis that the anisotropy
of the solid-liquid interface can be changed by the liquid com-
position only.
We further examined our MD data to examine the atomic-
scale structural origin of the solid-liquid interface anisotropy
change. We are unaware of any theory that links the atomic
scale structure explicitly with the interfacial anisotropy param-
eters 1 and 2; typically these come from fitting the known
anisotropy with cubic harmonics. We thus circumvent this by
qualitatively linking the anisotropy strength with local ordering
Figure 4: The anisotropy strength as a function of temperature and Sm concen-
tration.
at the interface. When a liquid comes in contact with a periodic
solid, the liquid near the interface will acquire some ordering
from the solid (f.c.c ordering in this case). Depending on the
extent of ordering, the atoms near the interface can display a
more ‘solid-like’ behaviour, and thus a difference between dif-
ferent orientations (i.e. anisotropy) can emerge. Conversely, a
weaker ordering in the liquid phase near the interface will lead
to a smaller anisotropy. This interfacial ordering depends on
the interaction between liquid and solid. In this case, we con-
sider how Sm atoms in the liquid and f.c.c Al solid interact, and
its effect on interfacial ordering. The anisotropy strength calcu-
lated from our MD simulations, which represents the interfacial
energy difference between the (100), (110), and (111) orienta-
tions, was found to decrease with the composition of Sm (see
Figure 4). Considering that Sm has no solubility in the f.c.c
Al structure, we expect that Sm may decrease the f.c.c ordering
near the interface induced by solid phase and thus decrease the
anisotropy.
To test this hypothesis, we examine two kinds of interfacial
ordering: layering and in-plane ordering. This analysis used the
same MD data used for collecting the CFM spectra. We showed
that for both (100) and (110) orientations, the liquid adjacent to
the interface shows layering for each temperature examined (
Figure 5(a)). The ordering generally extends a few layers into
the liquid, which has also been observed in previous works [27].
An interesting feature, however, is that the layering of the Sm
atoms does not coincide with that of the Al atoms, i.e., the peak
positions of the Sm density profile is not the same as that of
the Al profile. This is in contrast to the previous Cu-Ni results
in which the Cu and Ni density layering coincide exactly [28].
Cu-Ni is known as a highly lattice matched system with ideal
solution properties, where Ni atoms can be fully dissolved into
f.c.c (Cu) phase. When liquid at the interface exhibits f.c.c or-
dering, Ni atoms are compatible with f.c.c structure and thus
show the same layering as solvent atoms. In the case of Al-Sm,
Sm atoms with f.c.c ordering would be unstable and thus tend to
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not sit at f.c.c lattice to lower the free energy. This point can be
seen more clearly from the in-plane density profiles (Figure 5b).
For each temperature and orientation, there is coexistence of or-
dered and disordered region, both of which fluctuate in time. A
general observation is that where Sm atoms show higher den-
sity, the total density shows less f.c.c ordering. While in places
with less Sm atoms, the f.c.c structure can be seen clearly. The
high correlation between Sm atoms and distributions of disor-
dered regions clearly reveals that Sm atoms in the liquid are not
compatible with f.c.c ordering and thus adding more Sm makes
the interfacial structure less ordered.
The above results can also be considered from the competing
orderings point of view. It is known that the liquid structure is
not fully random but possesses many small regions or clusters
with crystalline and noncrystalline orderings. At the interface,
the orderings within the liquid and solid coexist. When those
orderings are not compatible with each other, their competition
tends to reduce interfacial ordering. From this perspective, we
expect the interfacial structure change with liquid composition
is not limited to Al-Sm. It is noted that a recent study by Hoyt
et al. similarly observed a weaker anisotropy with increasing
solute in the Cu-Zr alloys.
Methods
Master AlSm alloys were prepared by melting 99.999 wt.%
pure Al and 99.99 wt.% Sm and chill cast in a water-cooled
bottom of a cylindrical mold. The cast ingots were then cut
into plates of thickness of 3 mm. The laser remelting experi-
ments were conducted with a CW-ware operate at the power of
1280W. The scanning speed of 10 mm/s were used for Al-2.2
at% Sm (11 wt% Sm) alloys. For Al-5.6 at% Sm (25 wt% Sm)
alloys, as large primary intermetallic compounds form during
chill cast process, a double scan strategy is used with the first
scan at a low speed of 21 mm s−1 to remelt the intermetallic
compound and form fine structures. The second scan is them
performed inside the remelted region of the first scan. In this
way, the influence from large intermetallic compound can be
minimized [14]. The microstructure is observed with scanning
electron microscopy in back-scatter mode.
Quantitative phase-field models for alloy solidification were
used to simulate equiaxed dendritic morphology [29]. This
model has been implemented in a 3D Adaptive mesh refine-
ment Message Passing Interface (MPI) C++ code and bench-
marked [30]. Simulations are performed in a dimensionless
space, i.e. W0 = τ = 1, where W and τ are is a characteristic
interface width and the kinetic attachment time. The anisotropy
parameters are: 1 = 0, 2 = −0.02. Other parameters are: su-
persaturation ω = 0.55, solute distribution coefficient k = 0.1,
dimensionless diffusion coefficient D = 3.
The thermodynamic integration procedure is used to comput-
ing the solidus and liquidus boundaries from MC simulations
(Figure 3). The Capillary Fluctuation Method is used to cal-
culate the interface stiffness, from which interface anisotropy
parameters can be computed. Specifically, in our cases, for
each alloy composition considered, simulation cells were set up
with (100) and (110) oriented crystal-melts interfaces contain-
ing 64000 and 72000 atoms, respectively. For each orientation
considered, 4 replica were used from which to gather statistics.
All MD simulations were done using LAMMPS (Lager-scale
Atomic/Molecular Simulator) code [31]. The solid-liquid inter-
face was characterized in terms of layering and in-plane order-
ing. The interface location,yloc, and width,W , are determined
by fitting the local order parameter profile across the interface to
the hyperbolic tangent function, c1 + c2 tanh((y − yloc) /W ).
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